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ABSTRACT 


Semicircular microstrip antennas with straight edge 
shorted, circular periphery shortedj open boundary semi- 
circular and 120°-sectoral microstrip antennas are studied. 
Green's function approach with segmentation method is used 
for analyzing these antennas. Green's functions for mixed 
boundary sectoral segments are d^eloped using the method 
of expansion in series of eigenfunctions. The Green's 
functions for 30®-60° mixed boundary right-angled triangles, 
shorted boundary equilateral triangle are developed using 
the method of images. A comparative study of mixed boundary 
semicircular antennas and 120°-sectoral open boundary antenna 
with circular and semicircular open boundary antennas is 
done. Study of mutual coupling between two semicircular 
antennas (with circular peripheries shorted) and two open 
boundary semicircular antennas is also done. 
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Chapter One 
INTRODUCTION 

This chapter is a brief review of the 2-dimensional 
) components used in microwave integrated circuits 
(MICs) and 2-d microstrip antennas. An outline of the rest 
of the chapters is also given. 

1.1 TWO-DIMENSIONAL COMPONENTS 

Two-dimensional components have been proposed for 
use in microwave integrated circuits [l] - [3]. These 
components have dimensions comparable to or greater than 
the wavelength in two directions but have the third 
dimension much smaller than the wavelei^gth. The three 
types of possible configurations of 2-d components are : 

(i) triplate or stripline- type as shown in Fig. l.i(a)j 

(ii) open or micro strip- type as shown in Fig. l.i(b) and 

1.1(c) » (iii) waveguide or cavity- type as shown in 
Fig. l»l(d). 

1.1.1 Methods^of_^^ysi s of 2-d com] 2 nn^ni-c ' 

The method of analysis of a 2-d component depends upon 
its geometry (i.e., shape of the central conducting patch 
3.n a triplate structure or the upper conductor patch in 

microstrip type circuit). 
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When the 2— d component is of simple shape, impedance 
Green’s functions [l] are used for its analysis. These 
Green’s functions have been known for only rectangular [2], 
circular [4], sectoral [6], and some triangular [5] 
(isosceles, equilateral and 30^-60^ right angled) shapes, 
with open boundaries (or magnetic walls). Using Green’s 
functions, the impedance matrix of a component can be 
obtained for specified port-locations. 

When the geometrical shape of a 2-d circuit can be 
considered to be made up of simpler shapes for which the 
Green's functions are available, the segmentation method 
[2], [3] can be used for evaluating the characteristics of 
the overall circuit from those of various components of 
simple shapes. 

For the analysis of arbitrary shaped 2-d components, 
numerical methods such as finite element approach [7] and 
contour integral approach [l] are used. 

1.1.2 App lic a tio ns 

The 2-d components have found several applications in 
microwave integrated circuits, waveguide circuits, ferrite 
components and microstrip antennas. Some of the areas 
where the 2-d approach has found applications are listed 
below. 

i) Resonators ; 2-d components can be used for the design 

of high-Q resonators used at microwave frequencies. The 
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rectangular, circular, and triangular elements have been 
used for resonators. The triangular shaped 2-d components 
have been used for realizing band-pass and band-stop filters 
[8], [9], And the triangular resonators have been used in 
the design of three-port circulators [9]* 

ii) Analysis of Discontinuities : The 2-d approach can be 
employed to analyze accurately the discontinuities in strip- 
lines, microstrip lines [lO] and waveguides. 

iii) Design of Non-reciprocal Elements : 2-d circuits, 

fabricated on ferrite substrates, may also be analyzed by the 
2-d approach using the extension of analysis techniques for 
circuits on dielectric substrates. This method has been used 
for obtaining optimum shape of a wideband circulator. 

iv) Microstrip Antennas i 2-d approach can be employed to 
find the voltage distribution along the periphery of .the 
planar circuit* The far fields can be calculated from the 
voltage distribution. The details are given in Chapter Three. 

1.2 MICROSTRIP ANTENNAS 

The microstrip devices have widely been used as micro- 
wave circuit elements, such as resonators, filters, trans- 
mission lines, etc. The successful operation of the high-Q 
microstrip resonators seem.s to suggest that basically they 
arc poor radiators. Despite this weakness, raicrostrip 
antennas have received much attention because of their many 
unique and attractive properties - low in profile, light in 
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weight, compact and conformable in structure , and easier 
to fabricate and to be integrated with solid state devices. 
The main shortcoming is its narrow bandwidth (because the 
Q~f actor is high). The shortcomings may be compensated 
for with more efficient solid-state sources, amplifiers, and 
adaptive impedance-matching networks. 

The simplest configuration of microstrip antenna is 
shown in Fig. 1.2. It consists of a conducting patch on the 
top of the dielectric substrate, backed by a ground plane 
on the other side. However, a large variety of microstrip 
antennas is available. Those are. patch antennas, travelling 
wave antennas, slot antennas, and dipole antennas [ll], as 
shown in Fig, 1,3. Investigations in this thesis are con- 
fined to microstrip patch antennas which could be called as 
2-d microstrip antennas also. The shape of the patch can 
be of any shape, but conventional shapes are generally used 
to simplify analysis and performance prediction. Generally, 
the dielectric constant of the substrate is kept low 
( 4 10) , so as to enhance the fringing fields which 
account for radiation. 

1.2.1 S pe c ia l f eatures of microst ri p antennas 

Microstrip antennas have several advantages, compared 
to conventional microwave antennas. They are used in the 
frequency range of 100 i\iH[z to 50 GHz. 






(a) Patch 
antenna 


(b) Travelling 
wave antenn 


Striplinc on backside of the 
substrate 


antenna 


(icrostr 


lOUS 


lanas. 
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Adv ant a ges o f mic rostr ip antennas 

The main advantages of microstrip antennas are : 

i) light weight, low volume, low profile planar confi- 
gurations which can be made conformal, 

ii) the fabrication cost is less, 

iii) they can be made paper thin, such that they do not 
perturb the aerodynamics of host aerospace vehicles, 

iv) the antennas can be easily mounted on missiles, ro- 
ckets and satellites without major alterations, 

v) linear, circular polarizations are possible with 
simple changes in feed position, 

Vi) no cavity backing is required, ■ 

vii) solid state devices such as oscillators, amplifiers, 
switches, modulators, phase shifters, etc. can be 
added directly to the antenna substrate board, 

viii) feed lines and matching networks are fabricated 
simultaneously with the antenna structure. 


Disadvan tages of micr ost ri p a nte n nas 


The disadvantages of microstrip antennas are : 


i) narrow bandwidth. Typical microstrip antenna bandwidths 
are of the order of 1 to 5 percent, 

ii) the poor isolation between the feed and the radiating 
element, which degrades antenna performance. 
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iii) the surface waves may be excited along the antenna 
surface, resulting in radiation in undesired 
directions, 

iv) they cannot operate at high power levels of waveguides 
and coaxial lines. 

Applicationsof mi cr o st ri p an te nna s 

Some notable applications for which microstrip 
antennas have been developed are : 

i) Satellite communications 

ii) Doppler radars 

iii) Altimeters 

iv) Command and control 

v) Missile telemetry 

vi) Phased array radars 

vii) Feed elements for various applications 

viii) Satellite navigation receivers 

ix) Biomedical radiators. 

1,2.2 Methods for anal yzi ng m icro stri p antennas 

Various methods for analyzing micrgstrip antennas have 
been reported in the literature. These are s i) Equivalent 
transmission-line method, ii) Modal-expansion method, iii) 
Green's function method, iv) Finite element method, v), Method 
of moments. A brief review of these methods is given belov^f, 

i) Equivalent transmission-line method 

Only rectangular antennas can be analyzed using this 
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method. In this method, the antenna excited in the domi- 
nant mode is modelled as a transmission line, with no 
transverse field variation [ll],[l2]. The edges along 
which the field is uniform are considered as radiating 
slots, and others as non-radiating slots. The effective 
length of the non-radiating edge after taking into account 
the fringing fields by extending the physical boundary 
outwards is taken equal to half a wavelength. The input 
impedance and resonant frequency are evaluated from the 
effective dimensions of the antenna. 

ii) Modal-Expansion method 

Here, the radiating patch is modelled as a resonator 
with magnetic walls [ll] » [l3] ,[l4] . The field in the 
cavity is expanded in series of corresponding eigen functions. 
The effect of radiation and other losses is represented in 
terms of either increased effective loss-tangent [13] or by 
employing impedance boundary conditions. This method can be 
used for analyzing the shapes for which the eigen functions 
are available, 

iii) Green's function method 

When a patch antenna is of simple shape, the impedance 
Green's functions [15], [16] are used for analysis^ In this 
approach, the antenna structure is modelled as a ffluitipbrt 
network. The ports of this network are terminated by 
resistances to account for the radiation from the antgnna. 
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By knowing the Green's function of the planar element, the 
antenna can be analysed. Details of the Green's function 
method are described in Chapter Three. 

iv) Finite element method 

This method [l2],[l7] is used for the analysis of 
arbitrary shaped planar antennas. In, this method, the 
interior and exterior regions of the microstrip antenna are 
mathematically decoupled through the use of an equivalent 
aperture admittance as boundary conditions. The interior 
electric field satisfies the inhomogeneous wave equation 
alongwith the impedance boundary conditions on the peri- 
meter walls, and these equations are solved as variational 
problem. For analysis, the antenna geometry is divided into 
several segments. Certain basis functions are used for each 
segment to solve the variational problem and the boundary 
conditions are imposed locally along the edges of the 
segment. The solution is obtained numerically. 

v) Method of moments 

This method [l8,[l9] is also used for the analysis of 
arbitrary shaped planar antennas. Here, the electric surface 
currents flowing over the microstrip patch and ground planes, 
and the magnetic surface currents flowing over the magnetic 
walls are obtained from the Richmond’s reaction method. Using 
boundary conditions for the surface currents, the reaction 
integral equation is solved by the method of moments. By 
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selecting suitable expansion functions for electric 
surface currents, and electric test sources for magnetic 
currents, the reaction integral equation reduces to 
simultaneous linear equations. The coefficients of these 
equations give the elements of the impedance matrix. 

1.3 PRESENT INVESTIGATIONS 

Green's functions have hitherto been developed for 
only rectangular, circular, sectoral (both circular and 
annular) and some triangular segments with open boundaries 
(i.e. the segments surrounded by magnetic walls. The 
tangential component of H is zero along a magnetic wall). 

In circuits, which are symmetrical about an axis, even 
and odd mode symmetry can be used for complete analysis of 
the circuit. The even and odd mode circuits are obtained 
by placing a magnetic wall and electric wall respectively 
along the axis of symmetry. For example, the even and 
odd mode circuits of an equilateral triangular segment with 
shorted boundary (i.e. the segment surrounded by electric 
walls, along which the tangential component of E is zero) 
are 30°-60° right-angled triangular segment with the side 
opposite to 60° as magnetic wall and other two sides as 
electric walls and 30°-60° right-angled triangular segment 
with shorted boundary respectively. Thus, there is a 
need to obtain the Green's functions for mixed boundary 
planar segments. Moreover, for the analysis of mixed 



13 


boundai'Y planar antennas (which can be used in arrays to 
reduce mutual coupling) using Green’s function approach, 
the Green's functions for these mixed boundary planar 
segments are needed. And a high-Q resonator is expected 
from a shorted boundary planar segment . .• as the radia- 
tion loss is negligible, A chapterwise description of 
the present work is given below. 

In Chapter Two, Green’s functions are developed for 
mixed boundary 30°-60° right-angled triangular and shorted 
boundary equilateral triangular segments using the method 
of images. The Green's functions are also developed for 
mixed boundary sectoral segments by expansion in series 
of eigen functions. 

In Chapter Three, semicircular microstrip antennas 
with straight edge shorted, circular periphery shortedj 
open boundary semicircular and 120°-sectoral microstrip 
antennas are investigated. Mutual coupling between two 
semicircular antennas with circular peripheries shorted 
and mutual coupling between two open boundary semicircular 
microstrip antennas are also studied. 

In the Fourth chapter, the significant results re- 
ported in this thesis are discussed and also suggestions 
for further work in this area are given. 



CHAPTER TWO 


ANALYSIS OF TWO-DIMENSIONAL COMPONENTS AND GREEN’S 
FUNCTIONS FOR MIXED BOUNDARY PLANAR 
SEGMENTS 

This chapter presents a review of the 2-d components 
used in microwave integrated circuits and their analysis 
using Green’s functions. Green’s functions for 30^-60° 
right-angled triangular and circular sectoral segments with 
all the possible boundaries are developed, 

2.1 BASIC CONCEPTS 

Consider a stripline type 2-d planar circuit shown in 
Fig.. 2.1.. Basic equations for obtaining the circuit para- 
meters for the equivalent multiport network are discussed 
in this section. 

In the circuit of Fig. 2,1, an arbitrary shaped thin 
conductor is sandwiched midway between two ground condu- 
ctors spaced 2d apart. The circuit is excited symmetrically 
with respect to the upper and lower ground conductors. 

There are several ports along the periphery. Widths of. 
these ports are denoted by W^,Wj, ... The rest of the 
periphery is open circuited. The co-ordinate axes are 
shown in the Fig. 2,1, The z-axis is perpendicular to the 
central conducting patch. The thickness of the planar 
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circuit along the z-direction is very small when compared 
to wavelength X , while the other two dimensions along x 
and y directions are comparable to the wavelength. The 
fields can be assumed to be constant along the z-direction 
because the dimension along this direction is negligible 
when compared to X . 

The general Helmholtz equation, valid for a source 
free region, is given as 

(V^+K^)E =0, (2.1) 

where p and e denote the permeability and permittivity of 
the dielectric material and w is the angular frequency. The 
above relation holds good for describing the field within 
the dielectric. At the center conductor and at the ground 
planes the tangential components of the electric field 
are zero. A magnetic wall is assumed to exist at the 
periphery of the 2-d component (where there are no ports) 
and since the fields do not vary along z-direction, both 
and E^ are equal to zero within the dielectric region. 
The fringing field at the periphery is taken into account 
by shifting the magnetic wall by a certain distance from 
the physical periphery [lO] as shown in Fig. 2.2, 

It may be noted that the fields above and below the 
central patch must be oppositely directed. In the 
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discussions below, the E and H can be taken to be the 
fields on one side of the central patch, say the lower side. 

Since E and E are zero, the E-field in 2-d components 

X y 

may be written as 

E = (2.2) 

.. A. 

where a is a unit vector along z-direction. 

aE 

Substituting (2.2) in (2.1) and making equal to zero, 

one obtains 


(V^ + K^)E^ = 0 
9 9 

2 o d 

where 7 = — ^ + — 2 — , Using Maxwell's equation, 

T 3 9 y^ 

magnetic field can be written as 


(2.3) 

the 


H = - V X E 
- jup “ 


(2.4) 


lich, using ( 2 , 2 ), reduces to 

a E 

H 


1 3 E 

1 z 


Jwp 


Ty 


— a ) 

3 X y^ 


(2.5) 


Surface current on a conducting sheet can be obtained 
from the boundary condition 


Jg = ft X (H^ - H 2 ) (2.6) 

where n is Unit vector normal to the boundary and and H 2 
arc magnetic fields on two sides of a conducting sheet. For 
the central conductor of a strip line type 2 -d circuits, 
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-H 2 and thus 
o 9 E 

~s 3(a\i 3 X *7 


3 E 

-g— a^) amps/m 


(2.7) 


For the microstrip type planar circuit shown in Figs. 1.1(b) 
and 1.1(c), there is no magnetic field above the upper con- 
ducting plane and so the factor of 2 in (2.7) will not 
appear for obtaining surface current on the conducting sheet 
(assuming TElvl mode of operation). 


The expression for J in (2*7) is valid at all points 

'""'S 

on the central patch including the periphery. For points on 


the periphery, J can be written in terms of components which 


are normal and tangential to the periphery as 


9 E. 


3E 




IS? ( TT ® + 3 n 


Z 


n) amps/m 


( 2 . 8 ) 


where s and n are unit vectors tangential and normal to the 
periphery as shown in Fig. 2,1, For points on the periphery 
whe.re there are no coupling ports, the normal component of 
the surface current must be zero, i.e. 


3 E 

-tI = 

The planar circuit can be excited either by microstrip lines 
(or strip lines) connected to the coupling ports or by 
coaxial lines. When excited by a coaxial line, the current 
flow at the excitation point is along the z-direetion. When 
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excited by a strip line (or microstrip line), the current 
flow is normal to the periphery. The current flowing in 
at a coupling port is obtained using (2.7) as 


i 


/ 

W 


( 


jup 3 n 


) ds 


( 2 . 10 ) 


where W is the width of the coupling port and ds is the 
incremental distance along the periphery. The negative sign 
in (2,10) implies that the current i flows inwards whereas 
n in (2.8) points outwards. 


The characterization of the planar components can be 

carried out in terms of an RF voltage V on the center 

a E 

conductor. Since = 0, we have from (2.2), 

V = -E^d (2.11) 

Equations (2,3), (2,9) and (2,10) can now be written as 
follows : 

(V^ + K^)V - 0 (2.12) 

with 

^ = 0 ( 2 . 13 ) 

an V -L / 


for points on the periphery where there is no coupling port. 
The current flowing in at a coupling port is expressed as 


2 


t ^ ds 
i an 

w 


i 


(2.14) 
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Solution to (2.12), with (2.13) and (2.14) as the boundary 
conditions leads to the characterization of stripline type 
planar components. Governing equations for other types of 
planar circuits can also be obtained using similar procedure. 

Various methods for obtaining the characterization of a 
planar component using the above approach depend upon the 
geometry of the central patch. When the planar circuit is 
of a simple geometrical shape, the Green's function approach 
discussed in Sections 2.2 and 2.3 is most convenient. 
Green's functions are presently available for rectangles, 
circles, annular rings, some types of triangles, and some 
circular and annular sectors. Using the Green's functions, 
the impedance matrix characterization of the circuit can be 
obtained for the specified port locations. When the geome- 
trical shape of the planar circuit can be considered to be 
made up of simpler shapes for which the Green's funfctions 
are available, the segmentation method can be used for 
finding the characteristics of the overall circuit from 
those of the various segments. In a complementary analysis 
technique called Desegmentation method, some simple shapes 
(whose Green's functions are available) are added to the 
configuration to be analyzed such that the resulting shape 
is also simple. In such a case the characterization for 
the circuit can be obtained from those of the shapes added 
and that of the resultant shape. Segmentation method is 
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discussed in Chapter Three, For the analysis of an arbitrary 
shaped planar circuit numerical methods are used. 

2.2 GREEN’S FUNCTION APPROACH 

This approach is employed when the shape of the 2-d 
patch is relatively simple. The Green’s function, which 
gives voltage at any point for a unit source current 
excitation elsewhere, is obtained analytically. When the 
locations of the ports are specified, the impedance matrix 
of the component can be easily derived using the Green’s 
function, 

2.2.1 _S ou £ eg ^ cur r ents 

If a planar component is excited by a current density 
in z-direction at any arbitrary point (>^Q»yQ) inside the 
periphery (as shown in Fig, 2.3), the wave equation can be 
written as 

(V^ + K^)V = -jw pd (2.15) 

when the circuit is excited by a stripline,, denotes a 

fictitious RF current density injected normally into the 

circuit. It may be noted that the line current density 

(i - * 1^—3 f being injected into the circuit at coupling 
n Iwpd 3n' ' ^ 

ports located on the periphery, can equivalently be considered 

as fed normal to the circuit along Z-direction with the 

ft V 

magnetic wall condition ^ = 0, imposed all along the periphery. 
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This can be explained as follows. For the striplihe connected 
to a coupling port there is certain current in the central 
strip which flows into the planar component. One half of this 
current flows in the opposite direction in each of the two 
ground planes. At the boundary where the strip is connected 
to the planar component, it may be considered that the 
current loops close by equivalent currents along z-axis as 
shown in Fig, 2.4. These equivalent currents may be evaluated 
as given below. At the periphery, the magnetic field can be 
written from (2.5) and (2.11) as 


H 




( 2 . 16 ) 


This must be equal to the magnetic field on the other side of 
the interface between the planar segment and the feeding line. 

If the magnetic wall condition is imposed all along the peri- 
phery of the planar component, the tangential magnetic field 
at the periphery is modelled to be zero. In the present 
model, there is a change in magnetic field at the periphery 
(where coupling ports are located) and the equivalent fictitious 
surface current in z-direction, obtained from the boundary 
condition (2.6), may be written as 



J is in the negative z-direction for the region below the 

s 

conducting patch as shown in Fig, 2,4, The planar component 
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may now be considered to be excited by line currents along 

aV 

the z-direction at the coupling ports with ^ = 0 all along 
the periphery, 

2.2,2 Gr een ’s fu nctions and imp ed ance m at rix 

The Green’s function G, for (2.15), is obtained by applying 
a unit line current source of 6(r-r^) flowing along z-direction 
in the region below the central patch and located at r = r^. 

The Green’s function G(r/rQ) is a solution of 

(V^ + K^)G = -j 0) [id (2.18) 

with the boundary condition 

= 0 (at the periphery) (2,19) 

(For shorted boundaries G = 0 is the boundary condition). 

The voltage at any point on the planar element may now be 
written as 

V(x,y) = IJ Gix,Y/x^,Y^) ^x^ dy^ (2.20) 

D 

where J (x , y ) denotes a fictitious source current density 
injected normally and D denotes the region of the planar com- 
ponent enclosed by magnetic walls. In (2,20) other terms 
arising out of boundary conditions do not appear since both 

and equal zero all along the periphery of the planar 


component 
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When the source current is fed only at ports on the 
periphery, the voltage V at the periphery can be written 
in terms of line current J, in z-direction, given by 
(2,17), as 

V(s) = - / G{s/k^) Jg(s^) ds^ (2.21) 

where s and s^ are the distances measured along the peri- 
phery and the integral is over the entire periphery. Since 
the line current J_( s ) is present only at the coupling 

O w 

ports, we may write (2,2i) as 


V(s) = - I / G (s/Sq) Js(Sq) ds^ (2.22) 

^ W. 

J 


where the summation on the right hand side is overall the 
coupling ports and W. indicates the width of the jth coupling 

J ^ 

port. From (2.14) and (2,17), the current ij fed in at the 
jth port can be written in terms of the equivalent line 
current in the z-direction as 


-2 


/ 

W. 




ds 


o 


(2.23) 


If the widths of the coupling ports are assumed to be small 
so that the line current density is distributed uniformly 

over the width of the port, using (2.23) one gets 


J ( 
s 




for jth port 



(2.24) 
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Substituting (2.24) in (2.22), V(s) is obtained as 

V(s) = I ^ / G(s/s^) ds^ (2.25) 

j J Wj 

The above equation gives voltage at any point on the 
periphery. To obtain the voltage at the ith coupling 
port, average voltage over the width of the port is taken, 

X • o « ^ 




V(s) ds 



j 2W^ Wj 


/ / 


• w. w . 

1 J 


G(s/Sq) 


ds^ ds 


(2.26) 


From (2.26), the elements of the impedance matrix of the 
planar component can be written as 


Z. . 
11 


2f7C 


/ / G(s/s^) ds^ ds 


(2.27) 




One can thus determine the impedance matrix of the component. 


2.3 EVALUATION OF GREEN'S FUNCTIONS 

The evaluation of Green's function, for a given shape 
of 2-d component, requires solution of (2.18) with the 
boundary condition = 0 for magnetic wall boundaries and 
G = 0 for electric wall boundaries. There are basically 
two methods for obtaining the Green's function s i) the 
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method of images, and ii) the expansion of Green’s function 
in terms of eigen functions. 

2.3.1 Me thod of i mage s 

An analytical solution of the differential equation 
(2.18) can be obtained if the right hand side is a periodic 
function. For this purpose, additional current sources 
of the type 6 (r~r ) are placed at points r outside the 
region of the planar component. These additional sources 
can be thought of as obtained by taking multiple images 
of the line source at r^ with respect to the various 
magnetic walls of the planar component. In case of 
electric walls (shorted boundaries), the images of the 
line source at r will be negative (i.e. -6(r-r )). The 
source term in (2.18) gets modified and the boundary 
conditions are satisfied by -the voltage V produced by the 
source and its images. It should be noted that the 
additional sources are all outside the region of the 
planar component and therefore, the solution G still 
represents the Green’s function for the geometrical shape 
of the planar component. 

The source pattern used in (2,18) is now periodic 
and, therefore, its Fourier series expansion can be 
obtained. The Green’s function can then be expressed as 
an infinite series summation of the functions obtained 
in the Fourier series expansion. These are the Eigen 
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functions. The coefficients, in the series summation 
for Green’s function, can then be obtained by substitu- 
ting it in (2.18). 

The method of images, discussed above, is restricted 
to the shapes enclosed by boundaries which are straight 
lines. This is because, the only mirror which gives 
point image for a point source is a plane ^mirror. Even 
for polygonal shapes with all magnetic walls or all ele- 
ctric walls the images can be uniquely specified in the 
two-dimensional space only if the internal angle at each 
vertex of the polygon is a submultiple of n:* For polygons 
with mixed boundary conditions (i.e. some sides as electric 
walls and rest magnetic walls), the angles at all verti- 
ces where one side is electric wall and the other magnetic 
wall should be 90° or a submultiple of 90°. Other verti- 
ces should have angles which are submultiples of 180°. 

Thus, the method of images is restricted to rectangular 
and the triangular shapes. 

2.3.2 Exp ansion of Green's function in eig en funct ions 

The Green’s function GCr/r^) is given by the solution 

of (2,18) with the boundary condition ~ = 0 for magnetic 

3 “ ■ 

wall and G = O for electric wall. In this method, the G 
is expanded in terras of known eigen functions of the 
corresponding Helmholtz’s equation given by (2. I2)vvith 
the boundary conditions =0 for magnetic boundary (wall) 
and V = 0 for electric walls. 
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Let ^j^(r) represent the normalized eigen functions 

2 

of (2.12) and be the corresponding eigen value! 


‘s so that 


’I = o 


Vo OQ^ 


where each eigen function 4;^ is assumed to satisfy the 
boundary conditions imposed on G. The Green’s function 
GCr/r^) can be expanded in a series of eigen functions if 
the normalized eigen functions form an orthonormal set# 

i . e . 


G(r/r^) 


I ^ 


m 


m 


m — 


if 


/ ! dr 

D n m 



if n = m 

otherwise 


(2.29) 


where the superscript * denotes complex conjugate, and the 
region of integration D is bounded by the periphery of the 
planar component, at which satisfy the boundary 
conditions. Substituting (2.29) into (2.18), and using 
(2.28) , one gets 


I = -Jupd (2.30) 


Multiplying both sides of the above equation by \|»* (r) and 
integrating over the region D, one obtains 

I I ♦n dy = -3 “ (£o) 

m u ' 

(2.31) 

which, by virtue of the orthonormal property, reduces to 
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(2.32) 


Thus, 


3 amd (r^) 


n. 


k2.k2 


(2.33) 


so that 


ti>_(r) ^*(r„) 

3 u iid 2. ■ " ■ ""■^ ■ - 

n Kr - 


(2.34) 


n 


is the required Green’s function expansion. For a lossless 
circuit, are real and the complex conjugate is not needed 
in (2.34). This method is restricted to cases where the 
eigen functions are known, 


2.4 GREEN'S EJNCTIONS FOR MIXED BOUNDARY 30°-60° RIGHT ANGLED -1 
■TRIANGLES : 

In this section, the Green's functions are developed 

for mixed boundary 30°-60° right-angled triangles. The I 

' ] 

Green's functions for triangular shapes are obtained using S 
the method of images. The Green's function for the triangle 
with open boundary shown in Fig. 2,5 is given as [5] 


G(x,y/xQ,y^^) 

m m 

= 8 j w [Ad I I 

m=-o> n=- <«> 


T^(Xo.y^) T (x,y) 
16V'3'n;2(m^+mn+n^)-9'f 3a^K^ 


(2. 35) 
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where 

T^(x.y) = (-1)^ 

+ {-1)“ cos(|^) cos[ 224 |=i^] 

+ (-1)" cos(|SfX) cos[^i=S^] (2.36) 

with the condition that the integers l,m and n satisfy 

1+m+n =0 (2.37) 


2,4.1 Green' s func ti o n fo r 3 0 °--60° righ t-angl ed trian g le 

when t he side oppos ite to angle 60^ i s el ec tric wal l 

and o ther two s id es are mag n etic walls 


As explained in the Section 2,3.1, the images of the 
line source at with respect to the three sides of 

the triangle shov^/n in Fig. 2.6(a) which are two magnetic 
walls and one electric wall can be assumed as the additional 
line sources outside the triangle. The locations of these 
multiple images are shown in Fig, 2, 6(b), 


It can be seen that the periodicity of the pattern is 
3a along the y-axis and fSa along the x-axis. HenGe,ABCDEF 
is chosen as a basic cell which contains 24 line sourcGs in 
24 triangular regions as shown in Fig, 2.6(b), It may be 
noted that a solution for G with this set of multiple 
sources, will satisfy (2,18) in the original region of 



y 


e(^o,yo) ^ 


a-^3/2 


Fig.2-5 A 30-60 right-angled triangle with open 
boundary 




• / 


. " / 1 \ '■ 

/ I V 
/ I k. 


O 



o hOSITlVE SOURCE 
• NEOATfVE SOURCE 


Fig.2-6(a)A 30-60 right-angled triangle with the 
side opposite to 60 as an electric wall 

(b) location of image sources 
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interest, since the boundary conditions ^ = 0 for magnetic 
walls and G = G for electric walls is satisfied for all the 
24 triangles in the basic cell. 


For the line source at (x^, y^) in Fig, 2.6(b), the 
coordinates of the image line sources in ODEF can be expressed 
in terms of (j^q^Yq) as 


= - 12 V 

TT 2 ^ 


aV3 

4 


• 


= -i2x. 


0 


o 

I 2 . 3a 
2 4 


for image (l) 


I2 4. £3 V + 
2 + 2 ^o ^ 


Yo = 


-13 ^ 

2 o 2 


^ » £3 V 








for image (2) 


for image (3) 


for image (4) 


for image (5) 
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The Fourier series expansions for each of the 24-line 
sources, which repeat periodically in two-dimensional space, 
are obtained. The corresponding terms of these 24 expre- 
ssions are added together and the resulting expression 
identical to the right-hand side of (2,18) in the original 
triangular region can be expressed as 


y 

J; 


I cos(2|^) . 




3in[Mm=niya] ^ 


2umx^ 

0 \ 


2%Y(m+2n) 

— 3i — ^ 


_ 211 nx^ • 

-(-1) sin[ "-j-- (2ra4-n)] } 

By substituting 1 = -(m+n), this reduces to 


(2.38) 


(2.39) 


where T^(x,y) is defined as 


T^(x,y) = (-1)1 cos(||li^) sin[ ^^”-")y ] + (-1)” • 

cos(|||2) sin[22%ily] -(1)" cos(|||^)sin[22§i=aii] 

(2.40) 

with the condition that the integers l,m and n satisfy 


1+m+n = 0 

It can be seen that 
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X X (-1)1 cos(||^) = 

X X (-!)■" C0.(fl2) sln[22^] T^(x„,y^) = 

X X (-1)" cos(f||2)sxn[2£li=Eli] T^(x„,y„) (2.41) 

Using (2.41), expression (2.39) can be rewritten as 


- X XV^'o-Vo) Vx,y) 


(2.42) 


It can be verified that the functions T^(x,y) satisfy the 
boundary conditions = 0 for magnetic walls and G = 0 
for electric walls), for the triangle shown in Fig. 2.6(a), 
The functions T^(x,y) are the eigen functions for this 
triangle. The Greon's function G can now be written in 
terms of these eigen functions T^(x,y) as 




(2.43) 


Substituting (2,43) in the left hand side of (2,18), we get 

oo 2 

(Vj+K^)G = X J [K^- [m^-Hmn-t-n^j A T.(x,y) (2.44) 

Since (2.44) and (2,42) are equal for all values of x and y, 
we have by comparison 

8j wild T^(x^,yQ) 


mn 


I6ir37r^( m^+mn+n^) -QfSa^K^ 


(2.45) 


Substituting (2,45) in (2,43), one obtains 
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G(x,y/xQ,yQ) 


8j(rt|id 


I 

m=- « 


00 

* l6V3ir^(m^+n^+mn )~9V 3a\^ 


(2.46) 


which is the required Green's function for the 30°-60° 
right-angled triangle shown in Fig, 2, 6(a), 

2,4.2 Gr een's functi on for 30^-60° rig ht-angled tr iangl e 
when a ll the three s i des of the t riangle a re 


el ec t ric walls 

The 30°-60° right-angled triangle with shorted boundary 
is shovm in the Fig, 2.7(a) and the images of the line source 
at (x^,y^) with respect to the three sides of the triangle 
which are all electric walls (shorted walls) are shown in the 
Fig, 2.7(b), The number of images inside the basic cell 
is 24 as in the previous case, but, the signs of the images 
are different and the periodicity of the pattern is same as 
in the previous case. Adding the terms in Fourier series 
expressions for each of the 24 line sources in the basic 
cell, the resulting expression equivalent to the right-hand 
side of (2,18) can be expressed as 


C0 09 


2iimx, 


8.1 w ud T T STtmx \ „r2Tt(m+2n)yT 

“ sin[ — { sin(,73^) 


3 Vs a m=- 09 n=-. 

27 c(m 4 - 2 n)y 


sin[- 


2'n:(m+n)x 


2-n:(m-n)y^ 


33 


] .(.Dn sin[. ,^33 ° ] sin[— - 


27 cnx^ 2'jty„(2m+n) 

sln[— ^5 ] } 


(2.47) 
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Substituting 1 = -(m+n), this reduces to 


ll (-ir Sin(|=) (2.48) 




3f3a^ ““ ' ' 

whore T 2 (x,y) is defined as 

T2(x,y) =-(-1)1 sln[2S^ |-n)y ]^.(_i)ni sln{|^) • 

sin[2l|f=ili] -(-1)" sin(||fi)sln[S2|i^] (2.49) 

with the condition that the integers l,m and n satisfy 
1 + m + n = 0 
It can be seen that 

-JJ(-1)1 sln(|f^).in[2E^=ilii]T2(x^,y,) =££(-!)" 3in(ff2) 

3i„[2s||=Ui]T2(x„,y„) = -ll (-1)" sin(||2X) 

3i„[24i-ii]X2(x„,y„) (2.50) 

Using (2.50), expression (2.48) can bo rewritten as 


n T2(='>y) 


(2.51) 


12^ potential function of the triangle sho'ATi in 
Fig, 2.7(a). The Green’s function G can now be written in 
terms of these potential functions T 2 (x,y) as 


in==>- n=='** 


(2.52) 
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Substituting (2,52) in the left-hand side of (2,18), we get 


(72+k^)G = f f [K^- ^^(m^+mn+n^)]A^^ T2(x,y) 

ni=— •“ n=— 9a 

(2,53) 

Since (2.53) and (2.5l) are equal for all values of x and y, 
we have by comparison 

^ 8J a.gd T^(x^,y„) 
l6f 3ii^( m^+mn+n^ ) - 9f 

Substituting (2,54) in (2,52) vje have 


G(x,y/XQ,y^) 


8j w [id I I 
m=— CO 


^2^^o’^o^ T2(x,y) 

16 V 3'rt^( m^+mn+n^ ) -7( 3a\^ 


(2.55) 


which is the required Green's function for the SO^-bO*^ 
right-angled triangle with shorted boundary. 

2,4.3 Gre en' s function f or 30 ° -6 0° right- angled tr ia n gle 
when the sid e of the t ria n gle opp osite ^ to 60^ is 
magn eti c W all and the other two s id e's ar e el ectric wa lls 

The images of the line source at (x^^y^) with respect to 
the three sides of the triangle shown in Fig . 2.8(a) are 
depicted in the Fig, 2, 8(b), As in the previous cases the 
number of total images inside a basic cell ,xs 24 distri- 
buted one each in 24 triangular regions of the basic cell, ^ 
and the periodicity is 3a along y-axis and Y3a along x-axis. 

The nature of the images is different than that of the 
previous cases. The expression obtained by adding the terms 






QjCM 





li, 


g.2'8Co) A 30-*60 right-angled triangle with the sides oppasi'e 
-'3p-:aiid-90 as electric walls (b) location of iri'caes 
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in Fourier series expressions for each of the 24 line 
sources in the basic cell is equivalent to the right-hand 
side of (2.18) and is written as 




3f3a 

cos[ 


in=- ~ n=- 00 
27c(m+2n)y 


-T3a 


_2'ji(m+n)x. 2'n:(m-n)y^ 


m+n 


3a 

27cnx 


^]-(-i)^ sin[~- ^^ ■ ^:: p 3 cosE -: : ^ - ^ - ^ ] ->-( - i ) 

(2.56) 


271 ( 2m+n ) y^ 

sin(-i r?r -) cos[ — — } 


TSaT^ cos[ ^ 

Now substituting 1 = -(m+n), this reduces to 

- Z 3ln(f||^) cos[2lif=ili:]T3(x„,y,) (2.57) 

where T 2 (x,y) is defined as 

TjCx.y) = -(-1)^ sin(fl^) 

cos[22£i2=i]i] + (.1)0 sinC|||2S) oo5[ M | -5-)Y ] 

(2,58) 

with the condition that the integers l,mand n satisfy 

1 + m + n = 0 
It can be seen that 

- ZI (-1)" --(IS") cos[M|=nlK3 


II (.1)- sin(||p) cos[2S^]T3(x,,y„) 

,ZZ (-1)" 3in(f|M) cos[2%:a)^] .T3(x„.y„). 


(2.59) 
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Using (2,59), expression (2.57) can now be rewritten as 


_ II ^3^ ^0*^0^ T3(x,y) (2.60) 

It can be verified that the function T^vX,"/) satisfies the 

A 

boundary conditions ^ ^ magnetic walls, and G = 0 

for electric walls for the triangle shown in Fig. 2, 8(a). 


The Green’s function G can now be written in terms 
Tj(x,y) as 

° = I I \n V-'-y’ (2.61) 

m=" «o n=- 00 

Substituting (2,61) in the left-hand side of (2,18), we get 


(V?+K^)G = 


I 


1671 :' 


2 2 
(m +mn+n'')] 


mn 


T3(x,y) 


(2.62) 


Since (2.62) and (2,60) are equal for all values of x and y, 
we have by comparison 


mn 


8j wlid T3(xQ,yQ) 

l6V’3'n:^(m^+mn+n^) -9f 3a^K^ 


(2.63) 


Substituting (2.63) in (2,6l) v>fe have 


G(x,y/xQ,yQ) = 8j wpd I I 


^3^^o'^o^ T3(x,y) 

- « - » l6\r 371^ ( m^+mn+n^ ) - 9f3a\^ 


(2.64) 


which is the required Green’s function for the geometry shown 
in Fig, 2,8( a) . 
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2.5 GREEN’S FUNCTION FOR EQUILATERAL TRIANGLE IWEN ALL THE 
THREE SIDES ARE ELECTRIC WALLS 


The Green's function for an equilateral triangle shown 
in Fig, 2, 9(a) can be obtained by using the principle of odd 
mode and oven-mode symmetry. The odd-mode and even-mode 
parts for tho triangle considered are shovm in Figs. 2.9(b) 
and 2.9(c), The Green’s functions for those odd-mode and 
even-mode sections (i,e. 30°-60° right-angle triangle with 
all electric walls, and 30°-60° right-angle triangle with 
the side opposite to 60^ as magnetic wall and other two 


sides as electric walls) have been developed in the 


Sections (2,4.2) and (2.4.3) respectively. On adding (2.55) 
and (2., 64), one gets 


G(x,y/xQ,y^) 


8 j 0) pd 

[ l6V3'n; ( m^+mn+n'^ ) - 9'\r 3a^K^] 


I I ^^'^2^^o»yo^ T2(x,y) 

m=— «> n=— 00 

+ T3(Xo,yo) T3(x,y)] 


(2.65) 


where T 3 (x,y) and T 2 (x,y) are defined in (2.49) and (2.58) 
respectively, 

2.6 GREEN’S FUNCTIONS FOR CIRCULAR SECTORS WITH MIXED 
BOWDAIIES 

The circular sectors are used in microstrip bends and 
their characterizations are needed to analyze these bends 



rl. 


y 





ig.2‘9(a) An equilateral triangular segment 

with shorted boundary (b)'its 

odd-mode section (c) its even-mode 
section 
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accurately. The sectoral configurations are also used 
in microstrip antennas. The sectoral antennas with mixed 
boundaries can be used in arrays to reduce the mutual 
coupling (due to surface waves in larger thickness sub- 
strates) between the adjacent elements. The various 
possible mixed boundary sectoral segments are shown in 
the Fig, 2,10. 

The Green’s functions for the -sectoral segments are 
obtained by expansion in a series of eigen functions explained 
in Section 2.3.2. The Green’s function for the sectox (all 
magnetic walls) shown in Fig, 2, 10(a) is given as [ 6 ] 


G(£/£i) = — + 2jlwiid I I * 

j toe-rca m=0 n=l 

cyJ^(K^^ Pi^^v^^vn P)cos( v<Pj_)cos( V9) 


( 2 . 66 ) 


where 1 = 
^vn 


n 


V = 


mit 

9. 


and K 


vn 


Vn 


where 


CD ’ 

^o ' o 

is the nth root of the derivative of the Bessel function 


of the first kind and order v. a = l for v =0 and 2 for v > 0 . 


2,6.1 Gre en’s function for secto r vvith straight edges short ed 

^For the circular sector shown in Fig, 2. 10(b), . the 
angular eigen functions which satisfy the boundary dondition - 
V = 0 at 9 =0 and 9 = 9 ^ are given as 

fm= \ ''f’ '' = “ • 


(2.67) 
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Since 


/ 

0 


sin 


mTttp 

'Po 



V- 


0 


for m 0 

for m = 0 


the normalized eigen functions are 


( 2 . 68 ) 



||- slnv9 


(2.69) 


The radial eigen functions which satisfy the boundary condi- 

3 V 

tion = 0 at P = a are given as 


= Bn \<Kvn « <2-™) 

where 

P 

Kyn = f zero of the derivative of 

the Bessel function of the first kind and 
order v. 

The radial eigen functions must now' be normalized over the 
interval 0 ^ p < a by setting 


1 


(2.71) 


The following formulas are used for normalizing the eigen 


function., 
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0 




(2,72a) 

(2.72b) 


2n 
X ■ n 




(2.72c) 


The is obtained as 


= 


1 


[iJ^(K^,a)[a2- ^ ]]^ 

%n 


(2.73) 


Then, using (2.34) the Green's function can be written as 

“^v^^vn P^'^v^^vn Pi)sin(v9)sin(v(p. ) 


G(r/r.) f I 


° m=l n=l (k^^-K^)( 3-- ^)j2(ic^^a) 

vn 


(2.74) 


2.6.2 Gre en 's fu nc t ion for sector y<'i th o ne stra ig ht edge 
shorted 


For the circular sector shown in the Fig. 2, 10(c), the 

ngular eigen functions which satisfy the boundary condition 

3 V 


V = 0 at 9 = 0, and ^ ^ 


9 ^ are given as 


9m = sin V9, V 


(m + ^)% 


m 
9 


9r 


(2.75) 


Since J sin^[ ^ ~ , ±s) ,. ^]9 
0 


9, 


dtp - 2“ » 


for all values of m 


(2.76) 
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the normalized eigen function can be written as 




( 2 . 77 ) 


The radial eigen functions are same as that of the previous 
section. The Green's function can be written as 

G(r/r ) = p) 

®o m =0 m=l (KL-K^)(a^- ^ (K„„a) 


vn 


k: 


vn 


vn 


(2.78) 


where 


{m+^)n 

_ 


2,6.3 Green's function for sector with the circular 




3V 


The angular eigen functions which satisfy ^ = O at 
9=0 and 9 ^ for the sector shown in the Fig. 2, 10(d) are 


9 . 


m 


\ cos(v 9 ), A 


m 


■Tv. 


ir9, 


f or m 0 , 


for m = 0 


(2.79) 


The . radial eigen functions which satisfy V = 0 at p = a 
are given - as 


R 


n = Bn ^ > 


(2.80) 


■ ' P , 

where K' = , p'_ is the nth zero of the Bessel function 

vn 3 vn 

of the first ■ kind and order v. The above eigen functions 
are normalized by setting. 
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B 


n 


0 


(2.81) 


Using (2.34), 8^ is obtained as 


Bn = 


n 




(2.82) 


Then, using (2.34) the Green’s function can be written as 


G(£/£i) 

where 


4j Wjid I I '^v^^vn^^^v^^vn Pi) cos( v9) cos( V9^) 
O'Po"'^ M=o n=l {K^n-K'") J^+ifK^na) 

(2,83) 


r2y 


for ra = O 
otherwise 


and V 



2.6.4 Green’s f unc t ion for sector with one r^ial wall and 
cir cu la r wa ll shorted 

The normalized angular eigen functions for the sector 
shown in Fig. 2.10(e) are same as that of the sector discussed 
in the Section 2.6.2 and are given as 


'm 


sin V 9 


(2.84) 


where 


(m-44-)'n: 

__ 


The normalized radial eigen functions are same as that of, the 
sector discussed in the Section 2.6.3 and are given as 
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(2.85) 


The Green's function using (2.34), can be written as 


00 CO 


3(£/£,) = I I Pi)3in(v9)si^ 


■Poa ">=0 n=l (Kjn-K ) 


( 2 . 86 ) 


2.6,5 Gr een's fun c ti on for ^^se c tor with sho rted bo und ary 

The normalized angular eigen functions for the sector 
shown in Fig. 2.:10(f) which satisfy the boundary condi- 
tions V = 0at(p=0, 9 q ,aTfd--gt p = a 

(2.87) 


9^ = 


9, 


sin v(p 


The normalized radial eigen functions which satisfy V = 0 
at P = a are 


R 

n ,tK' a) 

v+1^ vn ^ 




( 2 . 88 ) 


where K'.„ = 
vn 


Pvn 


r> * is the nth zero of the Bessel fun- 
^ vn 


ction of the first kind and order v. 

Then, using (2.34), the Green's function for the sector 
with all electric walls is obtained as 


. A 41 Ujud ~ P-i)sin(v<p)sin(v9.) 

G(r/r^)=-^-^ I I 

9^ a 


V ' V yn ^1^ 

m=ln=l (K;„^-K^) {K^„a) 


CENTRAL LIBRARY 

/ ’ nr}':'. 


(2.89) 


Aoc. No. 


> j<» A .« 
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2.7 DISCUSSION 

Green's functions have been developed for mixed 
boundary 30°~60° right-angled triangles and circular sectors 
using the method of images and the method of expansion in 
series of eigen functions respectively. The Green's function 
has also been developed for shorted boundary equilateral 
triangle using the method of images. 

In reducing the right-hand side of (2,18) to a periodic 
function, one of the factors obtained, vi-z, , T^(x,y) in 
(2.42), T^{x,y) in (2,5l) and T 2 (x,y) in (2.60), is the 
eigen function which satisfies the boundary conditions. Thus, 
this part of the procedure of the method of images may be 
used in evaluation of eigen functions in similar cases. 

The Green’s functions of the sectoral segments have been 
used for the analysis of sectoral microstrip antennas in 
Chapter Three. 



CHAPTER THREE 


MIXED BOUNDMY SE?4ICIRCULAR AMD OPEN BOJNDARY 

120°-SECT0RAL MICROSTRIP ANTEMMAS 

Extensive work on open boundary rectangular, circular 
and semicircular microstrip antennas has been reported in 
the literature [17], [20], [2l]. Various methods (already 
discussed in the Section 1,2.2) are available for analysing 
these antennas. The present investigation employs Green's 
function approach for analysing mixed boundary semicircular 
microstrip antennas and open boundary 120 '^-sectoral micro- 
strip antenna. The coupling between mixed boundary micro- 
strip antennas is expected to be less than the coupling 
between open boundary microstrip antennas. Therefore, the 
experimental study of coupling between two mixed boundary 
antennas has been considered. The details of the experi- 
mental investigations carried out on the coupling between 
two semicircular antennas with circular peripheries shorted, 
is given in this chapter. For the purpose of comparison 
coupling between open boundary semicircular antennas has 
also been done. 

All the antennas are fabricated on copper cladded l/8” 
thick polystyrene substrate of relative permittivity (e^) 
equal to 2,55. 
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3.1 GREEN’S FUNCTION APPROACH 

3.1.1 Ana lysis u s ing Green’s function met h od 

In this method, the given antenna structure is analyzed 
in terms of a planar model with appropriate boundaries (i.e. 
magnetic v/all boundaries for open edges, electric wall 
boundaries for shorted edges). The analysis procedure is 
illustrated in Fig. 3.1. An open boundary semicircular 
antenna is used for illustration purpose. The physical 
magnetic wall boundary is extended outward to take into 
account the effect of fringing fields around the magnetic i 

wall (open) edges. i 

The magnetic wall periphery of the planar circuit is 
divided into smaller sections of finite widths, such that, 
the field variation along each such section is negligibly 
small and each section is considered as a port of the 
multiport network. Byt knowing the Green’s function of the 
planar component, the impedance matrix Z of the ^multiport network! 
can be calculated from (2.27). The Z found as above is | 

, i 

the impedance matrix of the planar circuit acting as 
resonator, i.e,, an infinite impedance wall is assumed to be 
connected at the open (or magnetic wall) boundaries. But, 
in the case of planar elements acting as antennas, the open 
boundaries of the components should be terminated by the 
respective radiation resistances, i.e. the ports taken along 
the magnetic (open) boundaries should be terminated by the 




Antenna configuration 

■■■ i ■ 

i 

P lanar model after 
extending the physical 

boundary 



t 

Equivalent multiport 
network 



Loading by radiation 
res istance 




Fig.3'1 Procedure \o analyze microstrip 

antennas by Green’s function approach 
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resistances. The values of the radiation resistances which 
terminate the ports are calculated as follows ; (i) the 
radiation resistance for each of the magnetic walls is 
calculated, (ii) this radiation resistance is distributed 
among all the ports taken along that magnetic wall, the 
values being proportional to the port widths, and the 
resistances thus obtained are assumed to be connected 
at the mid-points of the respective ports. An expression 
for finding the Z-matrix or the input impedance at any 
feed point location of the multiport network thus obtained 
(i.e. the Z-matrix of the microstrip circuit acting as 
antenna) has been developed in the literature [22] and is 
discussed in the following section, 

3.1.2 Ev aluation of input impedanc e 

The network model of an open-boundary semicircular 
antenna is shown in Fig. 3,2. The port numbers of this 
network model are labelled in this figure. Let ’p’ be the 
number of ports taken insido/or along the edges of the 
planar clement at vjhich the input impedances are to be found. 
These p-ports are called as external ports. Let ’q’ be the 
total number of ports taken along the open edges of the 
planar olemont. An equal number of 'r’ ports are taken. 
These ports are terminated by the resistances, which arc 
calculated as explained in the previous section. The ports 
*q’ and 'r’ are interconnectod such tliat 
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V = V 
~q -r 


(3.1) 


and 


iq + Ar =2 


The Z-raatrix of the above network model can now be written as 




z z z 

-pp -pq -pr 

z z z 

^p -qq ~qr 

Z Z Z 
— rp —rq — rr_ 




~r 


(3.2) 


Substituting (3.1) into (3.2) and eliminating V , V and i, , 

H H. 

(Z -Z -Z +Z )i = (Z -Z . )i (3.3) 

V— qq -qr ~rq ~rr'-q '—rp — qp-'-p ^ " 


or 


i = (Z -Z -Z +Z )“^ (Z -Z )i 
— q — qq ^^qr —rq — rrv —qp 


(3.4) 


Substituting (3.4) into the first equation of (3,2) and 

using i = -i„j the Z-matrix of the overall notv>?ork is 
X q 

obtained as 

^ = Zpp+(Spq-Zpr)(2qq-Aqr-Arq+Arr)‘^ (Arp-Aqp) (3-5) 

The relation between V and i , obtained by substituting (3.4) 

* * 

into the second equation of (3.2), is given as 


^ t^p'^^~qq”^r^^-qq“^r“--rq'^— rr^ rp”-qp^^— p 


(3.6) 
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The diagonal elements of Z give the input impedances at 

'pV ports of the planar antenna. The unknowns on the 

right hand side of the equation (3,5) are calculated as 

follows t Z Z and Z_„ are calculated using (2.27). 

~pp ”-pq —qp ""99 ^ 

Vi/hen the losses in the conducting plane and in the di- 
electric substrate are ignored, the elements of the above 
4 matrices are purely reactive. But, these are computed 
assuming them as real to save the computer time. In 
only the diagonal elements are non-zero and these are 
equal to the resistance values terminated at the respective 
ports. Zp^, Z^^, Z^^ and Z^^ are null matrices. 

The method discussed above can also be applied to 
analyze the irregular shaped antennas, whose Green's 
functions are not known and which can be considered as 
combination of simple shapes. This is known as segmentation 
method. 

3.1.3 Rad iati on p a tte r n cal c ula t ions 

The far fields due to the radiation from the surrounding 
slots (open boundaries) of a planar antenna can bo calcula- 
ted by considering these slots as the magnetic current 
sheets. 

If the dielectric material is isotropic, homogeneous and 
lossless, and the conductivities of the microstrip conductor 
and the ground plane are infinite, the surface magnetic 
currents can bo written in terms of tangential electric field 
(1) as 
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M = -n X E (3.7) 

where n is a unit vector normal to the surface. 

The electric and magnetic fields at any point p(r,6,<p) 
outside the antenna may then be written as 

E(r) = - 1 V X F (3.8) 

H(r) = <uF (3.9) 

where e is the permittivity, u is the angular frequency 
and F is the vector electric potential given by 

-jk^jr-r' 1 

f = -1^ // M(r') — — ds^ (3.10) 

® jl-r’ 1 

where is a free space wave number and M(r’) is the surface 
magnetic current density at a point r' from the origin as 

shown in Fig. 3, 3(a). For simplicity, the time dependence 

1 wt 

6'^ of all fields and currents has been dropped. The only 
significant field components in the far field aro those 
transverse to the direction of propagation. The field E can 
be written in term of H as 

E(r ) = r)^ H(r) (3.11) 

where TIq is the free space impedance (i:^7t ohms). Since 
r » r’, the field H(r) can be vi/ritten as 
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H(r) = 


j 

4% 


jk r’cos 

-S— // M(r‘) e 


ds’ 

( 3.12) 


where ^ is the angle between the r and r' directions. 


3.1.4 Far field of a circular source 


Consider a planar circular circuit with coordinate 
systems as shown in Fig. 3.3(b). The far-zone vector 
electric potential is 


F = 


^ 2-11 d jk^P sin© cos(<p’-cp) 

~kr-- I / S(P.-P') ® ° 

0 0 


a dcp’ dz 
(3.13) 


where a is the radius of the circle, d is the height of 
the substrate, (r,©, 9 ) are the spherical coordinates and ■ 
( 0 , 9 ’,Z) is the cylindrical coordinates. Since M = -n)£, 
where n is a unit vector normal to the magnetic current 
sheet (in P direction) and E has only component (vjhich 
is assumed to be constant along Z direction), the expre- 
ssion (3.13) can be rewritten as 


e e 
4k 




2 % 
ad / 
0 


_ jk p sin© cos( 9 ’- 9 ) 

(p,9’ ) e d9’ 

(3.14) 


For any vector T, the transformation from the cylindrical 
to the spherical coordinates may be obtained from the matrixi 
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Tr“ 

1 

sdn© cos( 9 ’-* 9 ) 

-sin© sin( 9 »- 9 ) 

cos© 

’■e 


cos© cos( 9 *— 9 ) 

-cos© sin( 9 »- 9 ) 

sin© 

-’"?U 


sin( 9 *~ 9 ) 

cos( 9 ’- 9 ) 

0 


P- 


T 

9’ 


(3.15) 


T 

L z 


^ L" 


Therefore, using (3,14) and (3.15), the components for the 
magnetic field may be written as 


H 


0 j (1) F 


© 


H = —i (|)P 
9 9 


where 


e e 




2 % 


471 : r da(-~cos 0 sin( 9 ». 9 )) / M^,(p, 9 ») 


0 


p sin© cos( 9 ‘-(p) 


d9' 


and 


e e 


-JV 2-,. 


9 47 t r 


(3.16) 

(3.17) 


(3.18) 


da cos( 9 ’- 9 ) / 

0 

jk^ p sin© cos( 9 ’- 9 ) 

® d9» 


Then, the electric field components are calculated as 
follows J 


(3.19) 


© 'o 9 




(3.20) 


where is the free space impedance, 


(3.21) 
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3.2 SEMICIRCULM MICROSTRIP ANTENNA WITH STRAIGHT EDGE AS 
ELECTRIC WALL 

3.2,1 ations 

The semicircular microstrip antenna with straight edge 
as electric wall is shown in Fig. 3, 4(a). It can be modelled 
as a cylindrical cavity, bounded on its top, bottom and 
straight edge by electric walls and circular periphery by a 
magnetic wall. The eigen functions Vi/hich satisfy the 
boundary condition = 0 on the circular periphery, V = 0 
on the straight edge can be written as 

’^mn “ 'V^^mn P ^ sin(m 9 ) (3.22) 

P 

where , P^^ is the nth zero of the derivative of 

the Bessel function of the first kind, of order m. At 
P = =>» ^^mn maximum. Some of the roots of 

are given in Table I, 

Table I 


mode 

(m,n) ( 0 , 1 ) 

(1»1) 

(2,1) 

(0,2) 

( 3 , 1 ) 

Root 

a) 0 

mn 

1.84118 

3.05424 

3.83171 

4.20119 
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The smallest root is 1.84118. This corresponds to (1,1) mode. 
The Green's function for the semicircular planar circuit with 
straight edge as the electric wall shown in Fig. 3.4(a) can be 
obtained by substituting 9 ^ = v = = m in (2.74) and 

multiplying it by 2(for a microstrip circuit, the impedance is 
two times that of a stripline circuit ) and is written as 


m=l n=l o o o m2 o 

*^mn 

(3.24) 

The resonant frequency is obtained by equating (K^j^- K^) to 


2ero, i.e. 


2 2 
C - K 


(3.25) 


Substituting and |ie in (3.25), we get 


X 3 X 10 
mn 


2%a^fe^ 


18 


(3.26) 


An effective radius a^ has been introduced [ll] in the above 
equation to account for the fringing fields along the open 
edge j 


a^ = a 


[l+ai. (ln(||) + 1.7726 )]i 


n:ae. 


(3.27) 


For a given resonant frequency, the radius of the semi- 


circular antenna is the smallest for = 1.84118, i.e. for 
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(l,l) mode. Therefore, (l,l) mode is called as the dominant 
mode. 


3.2.2 Opti miza t i on gifegd^point 


The effective radius a„. for a frequency of 1 GHz ( and 
= 1.84118, = 2.55) calculated from (3.26) is 5,5 cms. 

The planar model of the antenna (after extending the physical 
boundary outwards) is shown in Fig. 3.4(b). The actual 
radius a is calculated from (3,27) and is equal to 5.31 cms. 
Since the Green's function method is employed to analyze the 
antenna, the circular periphery of the antenna circuit shown 
in Fig. 3, 4(b) is divided into smaller sections of finite 
widths. The widths of these sections are taken such that, 
the field remains alraost constant along each section and 


these are considered as ports. A few feed-ports are taken. 
The impedance matrix of the multiport network (planar circuit 
acting as resonator) thus obtained is derived using (2,27) 


and (3.24) and is written as 

dn mV. 

sin(T5^) sin(Ty^) 

45 a,pd[ r^7-][ ■ ]sin(mej^) sin(mej) 


I I 

m=l n=l 


x(K? -K^Xa^-m^/K?^) 


(3,28) 


The need of external matching networks for matching the 
input impedance of the antenna to the connecting cables, is 
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avoided by locating a 50 Ohms point on the antenna using 
the Green's function method discussed in Section 3.1.2. 

This is done as follows j Fourteen q-ports are taken along 
the circular edge of the antenna. An equal number of r-ports 
are taken. These are terminated by resistances to account 
for the radiated power. The formula for calculating the 
radiation resistance of the circular edge of the antenna is 
given in [ll] and is written as 


where 



X 960 


(3.29) 


n 

~ ^ sin©)]^ + 

0 ■ 

cos^ [Jjjj_^^(kQa sin©)+Jjj^__^(k^a sine)]^}sined© 

(3.30) 

m =1 for the fundamental mode. Thus the resistances which 
terminate the r-ports are given by multiplying by 14, the 
total number of ports. The equivalent multiport network is 
shown in Fig, 3.4(c). 

The voltage distributions for ( 1,1) mode and other 
first few modes are shown in Fig, 3.5. It is seen that 
the voltage for ( 1,1) mode is zero at the centre and maximum 
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at p = a. Hence, the resistance vjill be very high at the 
edge and zero at the centre. Since the radiation resis- 
tance is of the order of 900 Ohms, it is expected that the 
50 Ohms point is somewhere near the centre. The feed^point 
is considered along cp = 90°, so that the even-modes (i.e. 

(o,n), (2,n ), ) are not excited, thus minimising the 

effect of higher-order modes. In the analysis, 20 higher- 
order odd modes which are close to the fundamental mode are 
considered. The formula for calculating the roots of these 
modes is given in Appendix A. Three external ports (p = 3) 
are taken. The input impedances at these ports are calculated 
using (3.5), (3,28) and (3.29), The width of these p-ports are 
taken equal to the diameter (0,12 cm) of the inner conductor 
of the co-axial connectors. The 50 Ohms feed-point is obtained 
at = 5,8 mm, 

3.2,3 Input im pedianc e 

At resonance, the input impedance at the feed-point 
( P^ = 5,8 mm) is 50 Ohms. The theoretical and experimental 
input impedance loci for 50 Ohms feed-point are given in the 
Figs. 3.6(a) and (b) respectively. The experimental resonant 
frequency is 999.5 MHz, which is 0,5 MHz less than the theore- 
tical frequency. This may be attributed to the following rea- 
sons i 1) The expression (3.27), which is used to find the 
effective radius is not very correct, and the error involved 
may be upto 2.5 percent, ii) The conductor, and dielectric 
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losses are not considered in the analysis. The input 
impedance versus frequency plot is a circle. The discre- 
pancy between the theoretical and experimental impedance 
loci (Figs, 3*6(a) and (b)) may be due to the inaccuracy 
of the meters^ and series inductance reactance associated 
with the connecting probe. The input impedance increases 
if the feed-point is shifted upwards and decreases if the 
feedpoint is shifted downwards. This may be observed from 
Fig. 3.6(c) which is the impedance locus for the feed-point 
taken at = 5.1 mm, 

3.2,4 B an d widt h 

Depending on the system objectives, the bandwidth of an 
antenna is limited either by its radiation or input VSWR 
characteristics. In case of microstrip antennas, the resonant 
behaviour causes the bandwidth to be limited by input VSWR, 
and it may be defined as the frequency range for which VSWR 
remains less than two. The input VSWR at any frequency can be 
calculated by knowing the input impedance at that frequency 
and the characteristic impedance (50 Ohms). The variation 
of input VS?ilR with frequency is shown in the Fig. 3.7, The 
theoretical bandwidth is 5.1 A^Hz, The experimental bandwidth 
is 5.15 MHz, There is a close agreement between the theoreti- 
cal and experimental bandwidths. The bandwidth is of the 
order of 0.5 percent of the resonant frequency. . 
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The bandwidth of a circular disk antenna at 1 GHz centre 
frequency is of the order 0,9 percent [ll]. The reduction in- 
the bandwidth may be explained as follows t The radiation 
resistance of the semicircular antenna with straight edge 
shorted is more than that of the circular disc, and hence the 
Q-factor is more. Since the bandwidth is inversely propor- 
tional to the Q-factor, the bandwidth of the semicircular 
antenna with straight edge shorted is less than that of the 
circular disl- antenna, 

3,2,5 Radiat ion ch aract er isti cs 

The radiation pattern of the antenna shown in Fig, 3,4(a} 
is calculated in <p = 0 and 9 = 90*^ planes using the procedure 
described in the Sections 3,1.3 and 3.1,4. It is noted that 
only component of the radiation field is present in <p = 0® 
plane, and only Eq component is present in 9 = 90° plane. 

These are plotted in Figs. 3, 8(a) and (b) respectively. The 
3 dB beamwidth in 9=0° plane is approximately 92°. 

The measured radiation patterns in both 9=0° and 9 = 90° 
are given in the Figs. 3.8(a) and (b) (dashed lines) respecti- 
vely. There is a discrepancy between the theoretical and 
experimental patterns near 0 = 90°. This is due to finite 
ground plane of the antenna (in the analysis, it is^^ ^ 
considered to be very large, ideally infinite) and excitation 
of surface waves. The experimental 3-dB beamwidths in 9=0° 
and 9 =90° planes are 110° andl35° respectively. 
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Fig.3*8 Theoretical and experimental radiation 
patterns (a) in <P =0^plane (b) Eq in 

^"90 plane of the antenna shown in 
Fig.3-4(a) 
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3.3 OPEN BOUNDARY SEMICIRCULAR MICROSTRIP ANTENNA 

Even though an open boundary microstrip antenna has been 
analyzed for its radiation characteristics and input impedance 
Cll],[2l3 the general formulas for finding the bandwidth and 
the feed-point are not available. For comparison purpose, 
the experimental study (of bandwidth and feed-point) of this 
antenna has been done. Also, an idea of location of 50 ohms 
feed-point is necessary to study the coupling between two open 
boundary semicircular microstrip antennas for different 
spacings, 

3.3.1 Theoret i c al co nsiderations 

The eigen functions which satisfy the boundary condition 

av 

^ - 0 on the circular periphery and straight edge can be 
written as 


^^mn defined in Section 3.2.1), 

The Greenes function obtained from (2.66) by substituting 
cpQ = It, V = ra and multiplying (2.66) by 2 is 


G ( r ) 


j w E%a‘ 


m=0 n=l 


Pj^ p )cos(mcp)cos(m(|)j.) 

mn 


(3.32) 
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where a is the radius of the antenna and 
/ 1, if m = 0 

a = 

Jlf if m > 0 

Since the radial eigen functions are same as that discussed 
in Section 3.2, (l,l) mode is the dominant mode for the open 
boundary semicircular antenna. 

3.3.2 Opti mi z ation of feed-^point 

, The effective radius for a frequency of 3.154 GHz (and 
Pjjjn = 1*84118, * 2.55) calculated from (3.26) is 1.745 cms. 

The actual radius a calculated from (3.27) is 1.6 cms. 

. The 50 ohms feed-point is somewhere near the centre for I 

the dominant mode. This is clear from the Fig. 3.5. The feed- 
point cannot be taken along q> - 90° for the excitation of the 
dominant mode. This is clear from (3,32). The feed-point 
is taken along <p = 0°. By doing expefimGntal iterations, the 
exact 50 ohms feed-point is obtained and it is at a distance 
of 0,29 cms from the centre. 

3.3.3 Ba ndw idth 

The (experimental) variation of input VSVs’R with frequency is 
is plotted in Fig, 3,9, The bandwidth obtained is 99 MHz, i 

which is 3,13 percent of the experimental resonant frequency | 

(3159MHz), The bandwidth of an open boundary circular micro- 
strip antenna for the same centre frequency is approximately i 
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3 percent. The ratio of the lengths of the radiating 
edges of open boundary circular microstrip antenna and 
open boundary semicircular microstrip antenna is 1.22. All 
these facts show that the straight edges radiate more as 
compared to the circular edges. 

3.4 SEMICIRCULAR MICROSTRIP ANTENNA VVITH CIRCULAR PERIPHERY 
SHORTED 

3.4.1 


The semicircular antenna with circular periphery 
shorted is shown in Fig, 3.10(a). It can be modelled as a 
cylindrical cavity, bounded on its top, bottom and the 
circular periphery by electric walls and its straight edge 
by a magnetic wall. The eigen functions which satisfy the 
boundary conditions = 0 at 9 = 0° and 9 = 180°, and V = 0 
on the circular periphery can be written as 


'J'ran 




(3.38) 


where P* 

K’ = , P’„ is the nth zero of the Bessel fun- 

mn a ' mn 

ction of the first kind, of order m and a is the radius of 
the antenna. At p = a. 


m mn 


p.) = 0 


Some of the roots of (3.32) are given in Table II. 
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Table II 


mode 

(m,n) 

(0,1) 

(1,1) 

(2,1) 

(0,2) 

(3,1) 

Root 

2.405 

3.832 

5.135 

5.52 

6.379 


The smallest root is 2.405, which corresponds to (0,1) mode. 
The resonant - frequency for any mode can be calculated from 


= 


mn 


211 aVe 


(3.35) 


where c is the velocity of light in free space. 


For a given resonant frequency, the radius is the smallest 
for = 2.405, i*e. for (0,1) mode. Therefore, (0,1) is 
the dominant mode for the antenna configuration shown in 
the Fig, 3.10(a). The Green’s function obtained from (2,83) 
is 


G(r/r.) Si .ud r I ) 




( 3.36 ) 


where 


cr = 


f 2, for m = 0 
1, otherwise. 
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The impedance matrix for the equivalent multiport 
network model of the planar circuit shown in the Fig. 

3.10(a), can be calculated from (2.27). (It does not 
take into account the radiation, conductor and dielectric 
losses). 

3,4.2 Optimizatio n of feed- -po int 

The Green’s function approach discussed in Section 3.1 
is used for analysis. The total number of ports taken along 
the straight edge of the antenna is 14 i.e,, q = 14 (by 
taking more number of ports, the accuracy can be increased, 
but the computation time increases). The resistances to be 
terminated at these 14 ports to account for the radiated 
power are calculated using the formula 

R = 14 X (3.37) 

where is the radiation resistance of the straight edge 
of antenna which is calculated using the radiation resistance 
formula of a rectangular antenna [24], The equivalent network 
model is shown in Fig. 3.10(b). 50 Ohms coaxial cables are 

used for measurements. The use of any external impedance 
matching network is avoided by locating a 50 Ohms feed-point 
on the antenna. The selection of feed-point is explained 
below. 

The voltage distribution for the dominant mode (i.e. 

(0,1) and other few modes is shown in Fig. 3.11. The voltage 
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is maximum at the centre and zero at P = a. Hence, it 
is clear that, the 50 Ohms point is near the shorted 
circular pheriphery. The voltage distribution (for con- 
stant P ) along 9 is constant. Hence, the input impedance 
at any point along 9 = 0 to 9 = it (for constant p ) will 
not change. But, by selecting the feed-point along 
9 = 90°, the effect due to odd-modes is avoided (because 
the modes (l,n), (3,n), (5,n), n = 1,2, 3, 4, ... are 

not excited. This is clear from (3.36)). The contri- 
bution due to the higher order modes will be less and 
hence only 20 even modes which are close to the fundamental 
mode are considered in the Green’s function expression. The 
roots are calculated using the formula given in 
Appendix A. 

Three p-ports are taken along 9 = 90°. There are 
14 ports along the straight edge of the antenna. The 
impedance matrix for this 17-port network model is 
calculated using (2,27), This gives Z , Z_ and 

Zqq, which are the unknowns in the input impedance 
equation (3,5). The other unknown, is calculated 
from (3.37). Then, (3.5) is used to find the inpdt ^ 
impedances at the feed-ports. The parameters optimized to 
get the 50 Ohms point (where the VSV^R = l) are p^ (the 
distance from the centre to the feed-point along 9 = 90°) 
and the frequency. 
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The antenna is designed for a frequency of 3 GHz, 

The radius calculated from (3,35) is 2.405 cms. The 
50 Ohms feed-point is obtained at = 1.955cms. 

3.4.3 Input impedance 

The input impedance and input VSWR at = 1.955 are 
calculated for different frequencies, above and below the 
resonant frequency. These are shown in Figs, 3.12 and 
3,13 respectively. The corresponding measured values are 
also plotted in these figures. The discrepancy between the 
theoretical and experimental input impedance loci shown in 
Fig. 3.12 may be attributed to the reasons discussed in the 
Section 3,2,3, The measured resonant frequency is 2932 MHz. 
The difference between the theoretical and experimental 
resonant frequencies may be due to the following reasons s 
i) improper shorting of the circular periphery of the 
antenna, and ii) because of the fringing fields along the 
straight edge of the antenna, there will be some extension 
of the physical boundary outwards and hence the antenna 
configuration,as a whole, will not be a semicircle. The 
accurate formulas are not available to find the extension. 

3.4.4 Band width 

The theoretical and experimental bandwidths obtained 
are 71.67 and 68.2 MHz respectively. One expects the 
experimental bandwidth to be more than the theoretical 
bandwidth because the conductor and dielectric losses are 
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ignored in the analysis. This shows that the radiation 
resistance formula used for finding the radiation resistance 
from the straight edge of the antenna is not very correct. 

The experimental bandwidth is 2,2 percent (centre frequency = 
2932 MHz), The bandwidth of the circular disk antenna 
is 2.5 percent [ll] (centre frequency = 3 GHz), This shows 
that the radiation from the straight edge is more than 
that of the circular edge,- 

3,4,5 Radia tion pa t tern 

The radiation patterns in 9 = 0° and 9 = 90° planes 
are calculated using the procedure described in the 
Sections 3.1.3 and 3,1,4. Only component is present in 

9 = 0 ° plane, and only Eg component is present in 9 = 90° 
plane. These are plotted in Figs. 3.14(a) and (b) rospecti- 
vely* The 3-dB beamwidth in 9 = 0 ° plane is 66 °, 

The measured radiation patterns in 9 = 0° and 9 = 90° 
planes are also plotted in Figs, 3.14(a) and (b) (dashed 
lines) respectively. The experimental 3-dB beamwidths in 
9 = 0 ° and 9 = 90° planes are 62° and 98° respectively. 

For Eg component of the radiation field in 9 = 90° plane, 
the experimental values are much less than the theoretical 
values for 0 >60°. Such discrepancy has been observed 
by other investigat or s also [22] . This decrease in the 
value of Eg may be due to i) the excitation of surface waves, 
which cause a flow of power along the substrate surface and 
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ii) the presence of finite ground plane. The discrepancy 
between the theoretical and experimental radiation patterns 
of ( in 9 = 0 ° plane) near 0 = 90° may be also due to 
the reasons explained above, 

3.5 120°-SECTQRAL OPEN BOUNDARY MICROSTRIP ANTENNA 
3.5.1 The ore ti cal co nsiderations 

The 120°-sectoral antenna shown in Fig. 3.15 '{a) can be 
modelled as a cylindrical cavity, bounded on its top and 
bottom by electric walls and its straight edges and circular 
edge by magnetic walls. The Green’s function for this 
configuration obtained from ( 2 . 66 ) is 


[(K„„a)2.v2][i- a) 

K. 


vn 
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vn 


md K 


vn 
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vn 

(3.38) 
is the nth 


where 9 ^ = 120 °, v = | m ^ 

root of the derivative of the Bessel function of the first 
kind and order v, and 


1 , for m = 0 

2 , for m > 0 


(3.39) 


The first term in (3.35) is due to the d.c. capacitance 
between the ground plane and the top conductor patch. 
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It is clear from above that for odd values of m, v is real 
i.e. the radial eigen functions are the Bessel functions 
of the first kind and real orders. The first few roots 
of 

a) = 0 (3.40) 

are given below* 'i 


n 

V = 0 

V = 3/2 

V = 3 

CM 

11 

> 

V = 6 

1 

0 

2.461 

4.339 

6.109 

7.856 

2 

3.83164 

6.029 

8.017 

9.914 

11.759 

3 

7.0156 

9.26 

11.346 

13,34 

15.272 

4 

10.173 

12.445 

14.585 

16.642 

18.638 

The 

smallest 

root is 2.461. 

The radius 

; of the 

sector is 

the 

smallest 

for this root. 

Hence the 

mode (3/2,1) is 


called as the dominant mode. The Bessel functions J 
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formulas. 
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From (2.27) and (3.38), the impedance matrix of the planar 
circuit shown in Fig, 3.15(a) (acting as resonator) follows 
as 


i) for ports i,j on the circular periphery 

vW 


Zy = I Z 

m= 0 ,n=l 


a 21^ 


sin(77:^) 


vW. 

sin(^^) 


VW. VW.. 


cos(v0j^) cos(v6^) 


C(Kv„a)2.v2)](i. 


K" 


j wC^ 


(3.44) 


Kr 
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The term inside the square bracket represents the effect 

VW. 

of port width and can be approximated as 1 when 75 — - << 1 
V W. 

and «1 hold good. represents the electrostatic 
capacitance between the conductor patch and the ground plane, 

ii) for ports i,j on the straight edge 


00 OD 
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where R. and R. are the p -coordinates of the ports i and j. 

iii) for ports i,j on the circular periphery and straight 
edge respectively. 


VJ • 


00 00 


sin(v ■^) 


Zy = I I cr cos(vep • 

m=0 n=l , 


9 




w. 




, 2i,2 2w, ”3 VV. 

(a Kvn-v ){1- ^)J^(K^„a) i 

^ ^ (3.46) 




3.5,2 Optimizatio n of feed -point 


The Green’s function method discussed in the Section 3,1 
is used for analysis, 14 ports are taken along the circular 
periphery and 7 ports are taken on each of the two straight 
edges. The radiation resistances of the straight edges are 
calculated using the formulas of rectangular patch antennas. 
Since the formula for finding the radiation resistance of the 
circular edge of the 120°-sector antenna is not available, a 
trial value of 1200 Ohms (which is approximately 3 times the 
radiation resistance of the open boundary circular antenna) 
is taken. By doing experimental iterations, the exact 5G> Ohms 
feed-point is found. 

The voltage distribution for the dominant mode and other 
few modes is shown in the Fig. 3.16. The voltage is zero at 
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the centre and maximum at P = a* For the resonant mode 
considered, the feed-point cannot be taken along {<p ~ 60°) 
the centre line of the sector (This is clear from (3.38))* 

The feed-point is taken along 9 = 0°. 3 p-ports are taken 

along this axis for optimization of the 50 Ohms feed-pcAnt 
The input impedances at these ports are calculated using 
(3.5), (3.44) - (3.46). 

The resonant frequency (for the dominant mode) for 
effective radius ’Sg' equal to 2,348 ems, calculated from 
( 3 . 35 ) is 3,133 GHz, The actual radius of the sector 
obtained from (3.27) is 2,19 cms. The feed-point obtained 
is at a distance of 0.7 cms from the centre. The measured 
frequency is 3.181 GHz, which is 48 MHz more than the theore- 
tical value. This may be due to the, following reasons r 
i) The formulas used to find the extension on the straight 
edges are the extension formulas for the straight edges 
of a rectangle. These may not predict the extensions accu- 
rately, because the geometry of the planar element is 
different, ii) The formula for finding the extension in case 
of circular planar elements is used to find the extension 
on the circular periphery. This formula may not hold good 
accurately for a sector. 
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3.5.3 B andwidth and input impedance 

The variation of VSWR with frequency (experimental) 
is shown in Fig, 3,17. The bandwidth obtained is 115MHz, 
which is 3.6 percent of the centre frequency [3181 MHz], 

The input impedance locus is shown in Fig. 3,18, This 
curve is not passing through the 50 ohms point and it is 
shifted slightly towards right side of the Smith chart. 
Therefore, the correct bandwidth is slightly less than 
115 MHz. 

The bandwidth of a circular antenna at the above 
centre frequency given in [ll] is approximately 3 percent. 
This shows that the bandwidth of 120°-sectoral antenna is 
slightly more than that of a circular antenna, 

3.5.4 R adiatio n pat tern 

The measured values of and in m = 0° and 90° 
planes are plotted in Figs, 3.19 and 3,20. It is noted that 
both Eg and components are present in each plane. 

3.6 EXPERBiENTAL STUDY OF MUTUAL COUPLING IN TWO-ELEMENT 
ARRAYS 

3.6.1 Introduction 

Microstrip antenna arrays have found wide applications 
in recent years. The main advantages are ; relative ease of 
construction, light weight, low cost, and either conformabi- 
lity to the mounting surface or, at least, on extremely thin 
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protrusion from the surface. High gain and desired 
patterns can be obtained using these arrays. They are 
limited in that they tend to radiate efficiently only 
over a narrow band of frequencies and they cannot operate 
at high power levels of waveguide, coaxial line, or 
even strip line. 

When a well matched individual element is placed in 
an array environment, its terminal properties will change 
as a result of mutual coupling effects. These coupling 
effects may produce increased side lobe levels, main beam 
squint, filled or shifted nulls, granting lobes and array 
blindness at some scan angles. However, it is also 
possible for mutual coupling to produce an improvement 
in side lobe levels for those cases where coupling causes 
a further tapering of the array distribution function. 
Therefore, it is necessary to study the coupling 
betvi^een the elements of an array. 

Mutual coupling between L-band open boundary rectangular 
and circular microstrip antennas has been investigated 
experimentally by a series of measurements of the S- 
parameters [20]X23]. Typical values of |S^ 2 l obtained 
are -15 dB to -50 dB for spacing in the range of 0*t X to 
1,75 X (thickness of the substrate = 0,1575 cms). The 
mutual coupling level decreases mono tonically with 
increasing separation between elements for both Rectangular 
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and circular microstrip antennas. For rectangular 
microstrip antennas, E-plane coupling [radiating 
edges coupled] is more than that of the H-plane (non- 
radiating edges coupled) coupling for all spacings. For 
circular microstrip antennas, upto a spacing of approximately 
0.25 X , H-plane coupling is more than that of the E-plane 
coupling, while for spacing more than 0.25 X, E-plane 
coupling is more than that of H-plane coupling. Mutual 
coupling depends upon the spacing between the elements, 
lengths of the radiating edges and thickness of the sub- 
strate. Since the total length of the radiating edges 
is less in a mixed boundary antenna, the coupling between 
two mixed boundary antennas is expected to be less than 
the coupling between two open boundary antennas. 


3.6.2 Mu tual c ou pling between two o pen_ b ou nd ary and two 
mi xed bounda r y semi c ir c ular ante nn a s 


3. 6, 2.1 Experimental t echniq ue 

The mutual coupling levels (S ^2 S 21 ) are measured 

with a network analyzer system for two two-element arrays 
of semicircular antennas (with circular peripheries shorted) 
shown in Fig. 3, 21(a) and open boundary semicircular antennas 
shown in Fig, 3.21(b), The isolated elements are designed 
to operate with an approximate 50 Ohms driving point impe- 
dance. The S. . (i j) are measured as the transmission 
coefficients between the ports when a 50 Ohms source is 



measurement configurations 



m i ci rc ular antennas with circular 
leries shorted 

en boundary semicircular antennas 
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connected at the jth port and a 50 ohms detector is 
connected at the ith port. The are measured as the 
reflection coefficients seen at the ith port with jth 
port terminated in a 50 Ohms load. Because the input 
impedance of both the antenna elements is same, is 

equal to S .. and S. . is equal to S --. 

3 . 6 , 2 • 2 R esul ts 

The antennas are fabricated on copper cladded l/8*’ 
thick polysterene substrate of equal to 2.55. The 
results of the measurements of I spacing S equal 

to 0.31 Xq and 0.44 Xq (f^ = 2950 MHz for semicircular 
antenna with circular periphery shorted and f^ is equal 
to 3159 MHz for open boundary semicircular antenna) are 


given in 

Table III. 



Table III 



Coupling (in dB) 

* 

Spacing 

S 

Semicircular antenna 
with circular periphery 
shorted 

Open boundary 
semicircular antenna 

0.31 Xo 

-25.3 

-20.4 

o 

• 

O 

-28.5 

-25.0 
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It is seen that the coupling between two mixed boundary 
semicircular antennas is 4,9 dB and 3 dB down (for the 
spacings considered) than that of open boundary antennas. 

The input impedance locus for the clement 1 (or 
of the array (for S = 0.31 Xq) configuration shown in 
Fig. 3, 21(a) is given in Fig. 3.22(a). The input impedance 
locus for the element 1 when it is not coupled to the 2nd 
element is shown in Fig^^ 3.22(b). It is noted that, due to 
coupling, the impedance locus is shifted towards the right 
side of the Smith chart. The corresponding impedance loci 
when the elements of the array are open boundary semi- 
circular antennas are given in Figs, 3.23(a) and (b). It is 
seen that, the impedance locus is shifted towards the left 
side of the Smith chart due to coupling. 

The discussions of the antennas presented in this 
chapter are given in the next chapter. 
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CHAPTER FOUR 


CONCLUDING REMARKS 

This chapter contains a summary of the results 
reported in this thesis and suggestions for further 
investigations. 

4.1 SALIENT RESULTS j 

In this thesis Green's functions for all possible 
mixed boundary 30°-60*^ right-angled triangular and sectoral 
segments have been developed. For triangular shapes, the 
method of images has been employed to obtain the eigen- 
functions of the Helmholtz equation which are then used I 

to derive the Green's functions. The Green's functions | 

for mixed boundary circular sectors have been obtained by 

expanding these in series of eigen functions. The eigen 
2 2 

values and are given by the zeros of the Bessel's ; 

functions and their derivatives respectively. These | 

! 

,r 

Green's functions have been used to analyze sectoral antennas. 

Various microstrip antenna configurations reported in I 

this thesis are : I 

■ 

i) semicircular microstrip antenna with straight edge : 

shorted, i 

. 

ii) open boundary semicircular antenna, 

iii) semicircular antenna with circular periphery shorted 

iv) open boundary 120*^- sectoral antenna^ 


110 


The above antennas have been analyzed using Green's function 
approach* 

i) Semicircular antenna with straight edge shorted 

The bandwidth obtained is 0*5 percent (centre 
frequency = 1 GHz) . The 3-dB boamwidths (experimental) 
obtained in <p = 0° and 90° planes are 110° and 135° res- 
pectively, These beamwidths are more as compared to the 
beamwidths of a circular antenna {^° and l(X)° respectively 
The physical area is one-half of that of the circular antenna 

ii) Open boundary semicircular antenna 

This antenna has been studied experimentally. The band- 
width obtained is 3,13 percent (centre frequency = 3159 MHz), 
which is more than that of the open boundary circular antenna 
(2.5 percent). The physical area is 4.02 cm , 

iii) Semicircular antenna with circular periphery shorted 

In this case, the bandwid-th obtained is 2,2 percent 
(centre frequency = 2932 MHz), The physical area is 
9.047 cm^. The beamwidths obtained in 9 = 0° and 90° planes 
are 62° and 98° respectively. 

iv) Open boundary 120 °-sectoral antenna 

The bfudwidth and radiation characteristics are studied 

experimentally. The bandwidth obtained is 3.6 percent. 

2 

The physical area is 5,02 cm , 
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The mutual coupling in two-element arrays of .open 
boundary semicircular antennas and semicircular antennas 
with circular peripheries shorted has been studied 
experimentally. The coupling levels obtained in case of 
mixed boundary semicircular antennas are less as compared 
to that of open boundary semicircular antennas, 

4.2 SUGGESTIONS FOR FURTHER WORK 

The shorted boundary equilateral triangular and shorted i 
boundary sectoral segments (whose Green’s functions are 
derived in this thesis) can be used as high-Q resonators 
(since the radiated power is zero, Q-factor is very high). 

The mixed boundary semi-circular antennas can be used in 
arrays to reduce mutual coupling. 

Since it is found that the straight edges radiate more i 
than that of circular edges, the open boundary sectoral : 

antennas with sectoral angles less than 120° can be studied, j 

■ , . ' i' 

The physical areas of these antennas will be less as | 

compared to open boundary semicircular and circular antennas. | 
Also, the number of higher-order modes that get excited^^^^^^^ | 
will be less. For example, in case of 30°- sec tor al antenna, i 
the physical area is 2,8 cm (for the dominant mode (0,2) ) | 

and the modes that get excited for a feed^point along 9 = 15° [ 
will be (o,n), (I2,n), (24,n) The computation time for 

analyzing these antennas using Green’s function approach will; 
be less because of less number of modes. 



APPENDIX A 


FORMULAS FOR CALCULATION OF THE ZEROS OF BESSEL 

FUNCTIONS 

The formulas for evaluating the roots of Bessel 
functions and roots of derivative of Bessel functions [25] 
are given in this Appendix. 

The sth root, in order of magnitude, of the equation 



where 

r = (2n+4s-l), m = 4n^ 

The sth root, in order of magnitude, of the equation 
J^(x) = 0 
is 

..(s) ^ m+3 4(7m^+82m-9) 32( 83m^+2075m^-3039m+3537 

"" = * - - 3(8t)^ ■ 

1 2 
where t = n(2n+4s+l), m = 4n 
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